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[57] ABSTRACT 

Hard amorphous hydrogenated carbon, diamond-like 
films are deposited using an electron cyclotron reso- 
nance microwave plasma with a separate radio fre- 
quency power bias applied to a substrate stage. The 
electron cyclotron resonance microwave plasma yields 
low deposition pressure and creates ion species other- 
wise unavailable. A magnetic mirror configuration ex- 
tracts special ion species from a plasma chamber. Dif- 
ferent levels of the radio frequency power bias acceler- 
ate the ion species of the ECR plasma impinging on a 
substrate to form different diamond-like films. During 
the deposition process, a sample stage is maintained at 
an ambient temperature of less than 100° C. No external 
heating is applied to the sample stage. The deposition 
process enables diamond-like films to be deposited on 
heat-sensitive substrates. 

5 Claims, 6 Drawing Sheets 
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DEPOSmON OF DIAMOND-LIKE FILMS BY ECR 
MICROWAVE PLASMA 

ORIGIN OF THE INVENTION 

The invention described herein was made in the per- 
formance of work under a NASA contract, and is sub- 
ject to the provisions of Public Law 96-517 (35 U.S.C. 
Section 202) in which the Contractor has elected not to 
retain title. 

This application is a continuation of U.S. application 
Ser. No. 07/677,070, filed Mar. 29, 1991, now aban- 
doned. 

TECHNICAL FIELD 

The subject invention relates generally to film deposi- 
tion processes and systems and, more particularly, to an 
improved diamond-like film deposition process and 
system. 

BACKGROUND ART 

Amorphous hydrogenated carbon (a-C:H) films have 
been deposited using a variety of chemical vapor depo- 
sition (CVD) techniques wherein a chemical process 
taking place in the vapor phase of the gas next to the 
substrate causes the reaction product to be deposited. 
One prior art technique involves placing a substrate for 
deposition in a reaction chamber and heating the sub- 
strate to a temperature of 800° C. to 1000° C. Hydrogen 
gas is then fed into the reaction chamber, and micro- 
wave power is applied at 1 kilowatt with a frequency of 
2.45 GHz. A magnetic field of about 2000 Gauss is 
simultaneously applied to the reaction chamber for 
forming an electron cyclotron resonance condition in 
the reaction chamber so that the plasma electrons will 
be caused to orbit the magnetic field at a resonant fre- 
quency and trap or confine the plasma ions. 

A carbon compound gas, that acts as a catalyst, is 
introduced into the reaction chamber at a relatively 
high pressure of up to 760 Torr. The catalytic gas, in 
combination with the magnetic field and microwave 
power, allows a hard carbon film to be formed on a 
substrate disposed in the reaction chamber. 

A disadvantage of this method is that catalytic gases 
containing minerals such as nickel, manganese, or ger- 
manium must be introduced into the system to be used 
as a catalyst. Another disadvantage is that heat sensitive 
substrates, such as plastic, are unable to withstand these 
high temperatures. The discussed method is disclosed in 
U.S. Pat. No. 4,871,581, by S. Yamazaki. 

A similar prior art method of depositing diamond-like 
films on a substrate is disclosed in U.S. Pat. No. 
4,935,303, by Ikoma et al. In the disclosed method, a 
first magnetic field of 1300 Gauss is applied to a plasma 
producing chamber, and a second magnetic field of 875 
Gauss is applied near the surface of a substrate. The 
substrate is maintained at a temperature between 350° 
C. and 700° C., with 580° C. being preferred. If the 
substrate is not maintained above 350° C., a diamond- 
like film may not form on the substrate. If a film is 
formed, the hydrogen content was excessively high and 
the film is too low in density, resulting in low chemical 
and structural stability. 

Again, a disadvantage to the above method, is the 
inability to form diamond-like films on substrates at 
temperatures less than 350° C. Another disadvantage of 


2 

the method is its requirement of a substantially strong 
magnetic field. 

Accordingly, a method of depositing films, with such 
properties as extreme hardness, optical transparency, 

5 and chemical inertness, onto substrates that are heat 
sensitive, would be a solution to these problems. 

STATEMENT OF THE INVENTION 

It is therefore an object of the present invention to 
10 provide a method of depositing diamond-like films onto 
a substrate; 

It is another object of the present invention to pro- 
vide a method for depositing diamond-like films onto 
heat-sensitive substrates; 

15 It is another object of the present invention to pro- 
vide a method for depositing diamond-like films on 
irregularly-shaped substrates; 

It is another object of the present invention to pro- 
vide a deposition method capable of operating at ambi- 
20 ent temperature; and 

It is another object of the present invention to pro- 
vide an improved electron cyclotron resonance deposi- 
tion system. 

These and other objects and advantages of the pres- 
25 ent invention are achieved by providing an electron 
cyclotron resonance plasma deposition system having 
radio frequency (RF) power applied to a sample stage 
disposed in the deposition chamber. The radio fre- 
quency (RF) power applied to the sample stage during 
30 the invented method induces a negative self-bias volt- 
age in the sample stage, enabling various diamond-like 
films to be very easily formed on a substrate mounted 
on the sample stage. During the deposition process, no 
external heat is applied to the sample stage, to maintain 
35 the sample stage at an ambient temperature of less than 
100° C. 

In the preferred embodiment, when a low RF power 
bias is applied to the sample stage, a high negative, 
self-bias voltage of approximately —100 volts is in- 
40 duced in the sample stage for forming a desired dia- 
mond-like film on the substrate. One advantage of this 
system is that, when the low energy ions of the electron 
cyclotron resonance (ECR) plasma are impinging onto 
the substrate, with the high negative self-bias voltage 
45 induced in the sample stage, a diamond-like film having 
a Raman spectrum consisting of broad and overlapping 
graphitic D (1360 cm -1 ) and graphitic G (1590 cm~ ! ) 
lines may be formed on the substrate. 

When a high RF power bias is applied to the sample 
50 stage, a low negative self-bias voltage of approximately 
—3 volts is induced in the sample stage. This results in 
a diamond-like film having a broad Raman peak cen- 
tered at approximately 1500 cm -1 being formed on the 
substrate. 

55 In the invented deposition process of the present 
invention, the substrate is maintained at ambient tem- 
peratures of less than 100° C. during the deposition 
process. This ambient temperature deposition process 
enables heat-sensitive substrates, such as plastic, to be 

60 coated with diamond-like films. Three-dimensional sub- 
strates and other irregular substrates, such as those used 
in microelectronics and optics, can also be coated with 
diamond-like films using the invented process and ac- 
companying system. 

61 BRIEF DESCRIPTION OF THE DRAWINGS 

The present invention, both as to its organization and 
manner of operation, together with further objects and 
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advantages, may be understood by reference to the 
accompanying drawings. 

FIG. 1 is a perspective view, partially shown in phan- 
tom, of an electron cyclotron resonance deposition 
system incorporating the preferred embodiment of the 5 
present invention; 

FIG. 2 is a cross-sectional plan view of the preferred 
embodiment; 

FIGS. 3A and 3B are graphical representations of 
Raman spectra obtained from diamond-like films 10 
formed on substrates using the preferred method of the 
present invention; 

FIG. 4 is a graphical illustration of Tauc plots for the 
diamond-like films formed using the preferred method; 
and 15 

FIG. 5 is a graphical illustration of varying magnetic 
field profiles used in the preferred method. 

DETAILED DESCRIPTION OF THE 

INVENTION 20 

The following description is provided to enable any 
person skilled in the plasma deposition art to make and 
use the invention, and sets forth the best modes contem- 
plating by the inventors for carrying out their inven- 
tion. Various modifications, however, will remain 25 
readily apparent to those skilled in these arts. 

With reference to FIGS. 1 and 2, there is shown an 
electron cyclotron resonance (ECR) deposition system 
10 according to the preferred embodiment of the pres- 
ent invention. A cylindrical plasma chamber 12 has a 30 
top 14 and a bottom 16. The bottom 16 has an aperture 
18 disposed through the bottom’s center. A rectangular 
waveguide 20 is connected between a microwave 
power source 21 and the plasma chamber 12. The wave- 
guide 20 connects to the plasma chamber’s top 14 35 
through a quartz window 24. 

Two annular magnetic coaxial coils 26, 28 are dis- 
posed around the outer periphery of the plasma cham- 
ber 12. In the embodied structure, the magnetic coils 26, 

28 are disposed parallel to one another with a distance 40 
Di between their center regions of approximately 33 
cm. A power source 27 supplies power to the magnetic 
coils 26, 28 for supplying a confining magnetic field to 
the plasma chamber 12, in a magnetic-mirror configura- 
tion. 45 

An electron resonance condition is set up at the upper 
portion of the plasma chamber 12 by the top magnetic 
coil 26 generating a magnetic field of approximately 875 
Gauss. A divergent magnetic field profile is set up by 
the bottom magnetic coil 28 generating a smaller, vari- 50 
able magnetic field, to extract electron cyclotron reso- 
nance (ECR) plasma, when formed, into a cylindrical 
deposition chamber 30 connected to the plasma cham- 
ber’s bottom 16. 

The magnetic-mirror configuration may be manipu- 55 
lated to extract specific plasma ion energies during the 
deposition process. The energy profile of the plasma 
ions extracted from a confinement region, located be- 
tween the two magnetic coils 26, 28 in the plasma cham- 
ber 12, is dependent on the magnetic field strength and 60 
the voltage potential difference between generated 
plasma and a sample stage 42. 

A first tube 32 is used to transfer a plasma generation 
gas, such as hydrogen (H 2 ), from a storage tank 34 to an 
annular distribution manifold 36. The annular distribu- 65 
tion manifold 36 has a plurality of inlet tubes 38 that 
extend into the plasma chamber’s top 14 for disbursing 
the plasma generation gas into the plasma chamber 12. 
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A cylindrical can 46 is mounted in the deposition 
chamber 30 for positioning a substrate stage 40 in the 
deposition chamber 30. The substrate stage 40 includes 
a sample stage 42 which may be stainless steel, and a 
substrate 44 mounted on the sample stage 42. The sub- 
strate 44 should be positioned approximately 15 cm 
from the aperture 18. The can 46 may be stainless steel 
and be approximately 15 cm in height and 14 cm in 
diameter. A plurality of cylindrical electrical isolation 
posts 48 are used to electrically isolate the substrate 
stage 40 from the system 10. In the embodied structure, 
the cylindrical posts 48 may be approximately §-inch in 
diameter and |-inch in height, and are generally ce- 
ramic. 

The substrate 44 may be silicon, Dow Coming 7059 
optical glass, or quartz, or any other applicable sub- 
strate known in the art. The substrate 44 is typically 
prepared for deposition by known methods in the art, 
such as first ultrasonically cleaning in an acetone and 
isopropyl alcohol solution, then rinsing in deionized 
water. The substrate 44 preparation process may take 
five minutes. 

A second gas transfer tube 50 extends from a gas 
storage tank 52 into the deposition chamber 30, and 
finally terminates in a circular gas distribution ring 54. 
The second tube 50 is used to transfer a reaction gas, 
such as a suitable hydrocarbon gas, from the storage 
tank 52 to the circular gas ring 54, for disbursing the 
reaction gas into the deposition chamber 30. Suitable 
hydrocarbon gases include methane, acetylene, and 
propane. 

In an alternative embodiment, the reaction gas may 
be mixed with the plasma generation gas, and the two 
gases simultaneously disbursed into the plasma chamber 
12 through the annular distribution ring 36. 

In the preferred embodiment, a radio frequency (RF) 
generator 56 is connected to the sample stage 42 
through an RF matching circuit 70. The RF matching 
circuit 70 couples to the sample stage 42 through a first 
vacuum feedthrough 68 disposed in the deposition 
chamber’s wall 72. The sample stage 42 is connected to 
the vacuum feedthrough 68, using an RF cable 69. 

The RF generator 56 provides an RF power bias at 
approximately 13.56 MHz for inducing a low negative 
self-bias voltage, of approximately —3 volts in the sam- 
ple stage 42. For inducing a high negative self-bias volt- 
age of approximately — 100 volts in the sample stage 42, 
an isolating capacitor 58 of about 0.1 pF is connected 
between the RF matching circuit 70 and feedthrough 
68, giving an approximately infinite DC impedance to 
ground. 

The level of induced negative self-bias voltage is 
measured by a voltmeter 60. The voltmeter 60 is con- 
nected to the sample stage 42 through an RF filter 76 
and a second vacuum feedthrough 74 disposed in the 
deposition chamber’s wall 72. The sample stage 42 is 
connected to the second feedthrough 74 using a piece of 
conductive wire 73. 

Different levels of the applied RF power bias acceler- 
ates ions of the ECR plasma impinging on the substrate 
44. Thus, different diamond-like films are caused to 
form on the substrate 44 when undergoing deposition 
processing. 

A cooling agent, such as water, is used for cooling the 
coils 26, 28. The cooling agent is fed from a tank 61, 
through an input tube 62, after which it passes around 
the magnetic coils 26, 28 in series, and then exits 
through tube 66. A cavity 64 is disposed about the outer 
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periphery of the plasma chamber 12. Water in the tank 
61 passes through a tube 63 into the cavity 64 and out 
through an exit tube 65 for cooling the plasma chamber 

12 . 


In operation, the desired substrate 44 is mounted on 5 
the sample stage 42. Plasma generation gas is then dis- 
bursed into the plasma chamber 12 through the inlet 
tubes 38. The reaction gas is disposed into the deposi- 
tion chamber 30 through the gas ring 54. The gases are 
disbursed into the chambers 12, 30 at a low pressure of iq 
10 -1 to 10” 2 Torr to achieve a high plasma density. 

Approximately 360 watts of microwave power is 
transmitted at approximately 2.45 GHz through the 
rectangular waveguide 20 and quartz window 24 into 
the plasma chamber 12. ECR plasma is generated by the 
microwave power being absorbed by the gases and 
exciting them, thus fully ionizing the gases. The ion 
energy of the ECR plasma is approximately 1-5 elec- 
tron volts. The low ion energy is due to the moderate 
sheath voltage inherent in a plasma generated by micro- 90 
wave excitation. 

The sample stage 42 is biased by applying RF power 
from the RF generator 56 via the RF matching circuit 
70. In the preferred method, the RF generator 56 
supplies either 5 watts or 30 watts of RF power to the , 5 
sample stage 42, depending on whether or not capacitor 
58 is present. A large RF power bias may be applied to 
the sample stage 42 by removing the isolating capacitor 
58. This results in an induced DC self-bias voltage of 
approximately —3 volts in the sample stage 42 during 
the deposition process. A low RF power bias may be 
applied to the sample stage 42 by including the capaci- 
tor 58. This results in an induced DC self-bias voltage of 
approximately — 100 volts in the sample stage 42 during 
deposition. 3 _ 

Desired plasma ions are extracted by the magnetic 
fields, caused by the magnetic coils 26, 28, from the 
plasma chamber 12 and deposited onto the substrate 44, 
for forming a desired diamond-like film on the substrate 
44. Different diamond-like films may be formed on the 
substrate 44 in response to RF power bias applied to the 
sample stage 42, which accelerates the plasma ions im- 
pinging on the substrate 44. 

With reference to FIGS. 3A, 3B, 4, and 5, a series of 
tests were conducted to illustrate the advantages of the 
invented process and system over the prior art. The 45 
substrates 44 were positioned approximately 15 cm 
below the aperture 18. Optical gaps for the formed 
diamond-like films were obtained from a Tauc relation 
equation: 

(aE)i=B(E-E£ 50 


where a is an absorption coefficient, E is energy, B is a 
constant, and E g is the optical gap. The Raman spectra 
of the diamond-like (a-C:H) films is measured at room 
temperature with a 514.45 nm line of an argon laser. 55 

Films deposited without an external bias applied to 
the sample stage 42 show an optical band gap of approx- 
imately 2.8 eV and a deposition rate of 2.3 A/s. These 
films are mechanically soft and have a broad fluores- 
cence in the spectral range of 450-650 nm. This fluores- 60 
cence prevented the Raman spectra of these films from 
being measured. 

Substrates 44 deposited with the 13.56 MHz RF ex- 
ternal power bias applied to the sample stage 42 in ac- 
cordance with a preferred method of the invention are 65 
shown in FIGS. 3A and 3B. In a first sample, Sample A, 
substrate 44, was deposited with an applied magnetic 
field of approximately 875 Gauss and an RF bias of 30 


6 

watts applied to the sample stage 42. The 30-watt power 
bias was applied without the isolating capacitor 58, 
which resulted in an induced negative DC self-bias 
voltage of approximately —3 volts to the sample stage 
42 during deposition. The ratio of CH4 to H2 concentra- 
tion was 50% at a pressure of 5 mTorr. The deposition 
rate was approximately 5-6 A/s. Measurement of the 
optical gap for the first sample yielded a value of 
E g= 1.4 eV. The Raman spectra of the formed dia- 
mond-like film is shown in FIG. 3A. 

A second sample substrate 44, Sample B, was depos- 
ited with a low RF power bias of 5 watts applied to the 
sample stage 42, and an applied magnetic field of ap- 
proximately 875 Gauss. The magnetic field profile 84 
for Sample B is shown in FIG. 5. The low RF power 
bias applied through the isolating capacitor 58 resulted 
in a large negative DC self-bias voltage of approxi- 
mately — 100 volts in the sample stage 42. The sample 
film was deposited onto the substrate 44 at a pressure of 
17 mTorr and a concentration of 17% CH4. This re- 
sulted in a deposition rate of 0.5 A/s. 

The lower deposition rate was caused by increased 
hydrogen ion etching, given the negative bias voltage, 
and higher hydrogen fraction of the plasma. The optical 
gap of the second sample was 1.0 eV. The Raman spec- 
tra for the second sample is shown in FIG. 3B. The 
Tauc plots for the deposition process used on Sample A 
88 and Sample B 89 substrates 44 are shown in FIG. 4. 

A third substrate 44, Sample C, was subjected to a 
deposition process similar to that of Sample B, except 
the deposition process was completed with a reduced 
mirror magnetic field. The mirror magnetic field used 
during the Sample C deposition process was approxi- 
mately 500 Gauss. The magnetic field profile 86 for the 
deposition processes used on Sample C substrate 44 is 
shown in FIG. 5. The optical gap was found to increase 
from 1.0 to 1.6 eV. 

A fourth substrate 44, Sample D, was deposited with 
the same parameters as the Sample B deposition pro- 
cess, except at an increased pressure of 55 mTorr. The 
effect of increasing the deposition pressure was found to 
decrease the optical gap from 1.6 to 1.2 eV. The Raman 
spectra of the Samples C and D deposition processes are 
similar to that of Sample B, as shown in FIG. 3B. 

All of the sample deposition processes resulted in 
amorphous hydrogenated carbon (a-C:H) “diamond- 
like” films, having a hard diamond-like quality. A com- 
parison of the Raman spectra and optical gaps indicate 
that more than one hard diamond-like film morphology 
is present at a given optical gap. Film characteristics 
were also shown to be dependent on the magnetic field 
profile used during the deposition process. The results 
of the sample deposition processes indicate that increas- 
ing the energy of the ions incident on the substrate 
results in an increased optical gap. Use of the RF in- 
duced negative self-bias DC voltage of the substrate 
stage, and manipulation of the magnetic field profile in 
the ECR microwave plasma system has proven to be an 
advantageous technique for the deposition of diamond- 
like films on heat-sensitive substrates. 

Those skilled in the art will appreciate that various 
adaptations and modifications of the just-described pre- 
ferred embodiment can be configured without depart- 
ing from the scope and spirit of the invention. There- 
fore, it is to be understood that, within the scope of the 
appended claims, the invention may be practiced other 
than as specifically described herein. 
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We claim: 

1. A method of depositing diamond-like films on a 
substrate in a closed deposition station having a plasma 
chamber connected to a deposition chamber and having 
first and second coils, for generating, respectively, a 
first and a second magnetic field, disposed around the 
plasma chamber, with the second coil being in proxim- 
ity to an aperture connecting the plasma chamber and 
the depositing chamber, comprising the steps of: 
mounting the substrate on a sample stage in the depo- 
sition chamber; 

dispersing plasma generating gases into said plasma 
chamber; 

transmitting microwave power into the plasma gener- 
ating gases through a microwave window into said 
plasma chamber for generating a plasma; 
adjusting the current applied to said first coil to ob- 
tain a first magnetic field strength of approximately 
875 Gauss for producing an electron cyclotron 
resonance plasma condition in the plasma chamber; 
adjusting the current applied to said second coil to 
obtain a second magnetic field strength thereby 
extracting specific plasma ion energies for entering 
said deposition chamber; 


8 

maintaining the sample stage at ambient temperature; 

applying radio frequency power directly to the sam- 
ple stage for inducing a negative self-bias having a 
magnitude ranging between, —100 Volts and 

5 — 3 Volts on the sample stage] and 

disbursing a reaction gas into said deposition cham- 
ber; thereby depositing an optically transparent 
diamond-like film which has an optical gap of 
about 1 to 1.6 electron volts. 

10 2. The method of claim 1 wherein said step of deposit- 

ing diamond-like films onto the substrate is performed 
while maintaining the sample stage at less than 100° C. 

3. The method of claim 2, wherein about 30 watts of 
radio frequency power at about 13.56 MHz are applied 

15 to the sample stage to induce a negative self-bias voltage 
in the sample stage of approximately — 3 volts. 

4. The method of claim 2, wherein about 5 watts of 
radio frequency power at 13.56 MHz are applied to the 
sample stage, through a blocking capacitor, to induce a 

20 negative self-bias voltage in the sample stage of approxi- 
mately — 100 volts. 

5. The method of claim 4 wherein the step of deposit- 
ing diamond-like films onto the substrate is performed 
as a pressure of substantially 7 milli-Torr. 

25 ***** 
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